The disruption of the self-molecular association of pentanol by the presence of alkylbenzoate was studied using dielectric relaxation spectroscopy. The complex permittivity spectra of binary mixtures of pentanol (1-pentanol, 2-pentanol and 3-pentanol) and alkylbenzoate (methylbenzoate, ethylbenzoate, propylbenzoate and butylbenzoate) for the entire composition range were determined in a frequency range of 200 MHz to 20 GHz using a vector network analyzer at room temperature. The raw data were fitted to the HavriliakNegami equation to evaluate the various dielectric parameters of static dielectric constant (3 S ), high frequency limiting dielectric constant (3 a ), and relaxation time (s). The non-linear behaviour of these parameters for mixtures with a pentanol mole fraction represents the hetero-association of polar solvent molecules. A complex of alkylbenzoate with 2-pentanol and 3-pentanol has lower number of dipoles in solution than 1-pentanol and thus, there is a decrease in the molar volume of the rotating entity. The relaxation time reflects that the reorientation of the -OH group of 1-pentanol in a binary mixture with alkylbenzoate is more pronounced than it is for 2-pentanol and 3-pentanol. The dielectric parameters were used in calculating the excess permittivity, excess inverse relaxation time, Kirkwood correlation factor, and Bruggeman factor. These dielectric results were used in interpreting the molecular interaction of the binary mixture with different dipoles in the liquid state.
Introduction
The analysis of dielectric properties is important in the study of the molecular association of polar systems through hydrogen bonding in the liquid state.
1 Dielectric relaxation spectroscopy 2 is a powerful tool to study intramolecular and intermolecular interactions in pure solvents and solvent binary mixtures.
1,3
There have been a number of studies carried out to gain insight into molecular interactions in polar binary mixtures and the nature of the interactions present in binary mixtures is yet to be conrmed and is the topic of scientic debate. 4, 5 In the liquid state, a considerable change in dielectric properties takes place upon mixing. 6 In binary mixtures, the molecular interaction caused by hydrogen bonding is complex due to the uncertainty of the involvement of a number of molecules and the identi-cation of the particular bond.
Among polar solvents, alcohols are widely used as solvents and undergo self-molecular association by dipole-dipole interactions and hydrogen bonding through the -OH group. Thus alcohols play an interesting role in chemistry and biology and have been the topic of several studies to understand their associative properties with multiple internal structures which depend on the carbon chain length and the position of the -OH group. 7 The disruption of the molecular association through the -OH group in the case of pure alcohol by different functional groups will provide a better picture of hydrogen bonding behaviour. Benzoic acid esters, having a dipolar and hydrophobic nature and easily polarizable p electron systems, are categorized as an important solvent. 6, 8, 9 Alkylbenzoates do not self-associate but are good hydrogen bond acceptors and have the ability to separate polar compounds from non-polar, and so have been the choice for a variety of applications. 8, 10 A dielectric study of binary mixtures of associative alcohols and nonassociative alkylbenzoates over the entire composition range will provide information on molecular complex formation in solution. This interacting pair plays an important role in biological systems and drug synthesis. 11 Indeed, this has lead to their extensive use in industry, for example 1-pentanol is used as a starting compound in pharmaceutical applications and is also used in the production of several esters. 12 These solvents, alcohols and esters are a class of oxygenated volatile organic compounds and are major atmospheric trace gases, affecting air quality.
13,14
In the present work, the effect of the addition of alkylbenzoates with increasing alkyl chain length [methylbenzoate (MB), ethylbenzoate (EB), propylbenzoate (PB) and butylbenzoate (BB)] on the self-association of pentanol [1-pentanol (1P), 2-pentanol (2P) and 3-pentanol (3P)] has been studied at different mole fractions. This study has been carried out with the evaluation of the dielectric parameters of excess permittivity, excess inverse relaxation time, Kirkwood correlation factor and Bruggeman factor. These parameters were used in interpreting the molecular interaction of binary liquid mixtures. This study provides information regarding the inuence of the -OH group position in pentanol on the pentanol-alkylbenzoate structure.
Experimental section

Compounds and sample preparation
High-purity alcohols, 1-pentanol ($99.0%), 2-pentanol (98%) and 3-pentanol (98%), and the alkylbenzoates, methylbenzoate (99%), ethylbenzoate ($99.0%), propylbenzoate (99%) and butylbenzoate (99%), were purchased from Sigma-Aldrich. All pure compounds were dried over 3Å molecular sieves. Fully miscible binary mixtures of pentanol and alkylbenzoate over the entire composition range were prepared by weight using a digital electronic balance for different mole fractions, X i of pentanol ranging from 0 to 1.
Measurement
The complex permittivity of the pure compounds and the mixtures were recorded at room temperature. The measurements were performed in the frequency range of 200 MHz to 20 GHz with an Agilent E5071C vector network analyzer along with an Agilent E85070E dielectric probe kit. The calibration of the instrument setup was performed against air, short circuit and water. The Agilent 85070E dielectric soware was used to measure the complex permittivity of the samples.
Data analysis
The frequency dependent complex permittivity spectra, obtained from the experiment, were tted to the Havriliak-Negami (HN) equation 15 using non-linear least-squares tting based on the Levenberg-Marquardt algorithm and is given as follows:
In this equation, 3* is the complex permittivity (constant) at a frequency n with real part 3 0 and imaginary part 3 00 , 3 a is the high frequency dielectric permittivity, D3 ¼ 3 S À 3 a is the relaxation strength, where 3 S is the static permittivity, s is the relaxation time, and a (0 < a # 1) and b (0 < b # 1) are shape parameters representing the symmetric and asymmetric shape of the spectrum. The interaction of polar liquids 1 and 2 in the mixture is also indicated by the Bruggeman factor 16 f B with a volume fraction 4 2 of alkylbenzoates. f B is related to the static permittivity and the expression of f B is given by
The plot of f B vs. 4 2 is linear for non-interacting solvent mixtures and for interacting solvent mixtures, the plot deviates from linearity. The modied Bruggeman mode 17 is dened as
with a having a value of unity for Bruggeman ideal mixtures and deviating from unity for hetero-associative systems. The Kirkwood correlation factor (g), 18 is related to the dielectric relaxation parameters and is useful for obtaining information on the liquid structure, molecular orientation and electric dipole orientation in polar solvents. The g factor for a pure solvent is dened as
where N is Avogadro's number, m is the dipole moment, r is the density at the temperature T, k is the Boltzmann constant and M is the molecular weight. Values of m and r for the pure solvents are used from the literature.
7,19
For a binary mixture of polar solvent 1 and 2, the effective Kirkwood correlation factor g eff can be expressed as
The value of g eff changes from g 1 (
indicates an antiparallel orientation of the electric dipoles, while a g eff > 1 suggests a parallel orientation of the electric dipoles and g eff ¼ 1 indicates no electric dipole correlation. The g eff is affected by an amount g f in a mixture. The corrective Kirkwood correlation factor g f is expressed as
In a mixture the reorientation of the constituent solvent molecules cooperatively happens through the hydrogen bonding of the -OH group of pentanol and -CO group of the alkylbenzoates. The apparent free energy of activation DF exp of the rearrangement of the dipoles is given by the Eyring formula
where R is the universal gas constant, T is the temperature, k is the Boltzmann constant, h is Planck's constant and s is the experimentally determined relaxation time. For an ideal mixture of polar liquids in which the individual solvents retain their dynamic structures in the mixture, the theoretically calculated DF theo can be expressed as the arithmetic mean of the pure solvent as
where DF 1 and DF 2 are the apparent free energy of activation of pure pentanol and an alkylbenzoate, respectively, and X 1 and X 2 are the corresponding mole fraction.
The excess parameters, 23 namely excess permittivity and excess inverse relaxation time, are useful in obtaining information regarding the two polar solvent interactions in the mixture. The excess permittivity 3 E of the binary mixtures is evaluated as
where X is the mole fraction. The subscripts m, 1 and 2 signify mixture, pentanol and alkylbenzoate respectively. The excess permittivity 3 E provides molecular interaction information as follows: 
The excess inverse relaxation time (1/s) E provides information on dynamic molecular interactions as follows: 
Results and discussion
The plot of the dielectric parameters for butylbenzoate (BB) and 1-pentanol (1P) binary mixtures, as a function of frequency for the 1-pentanol mole fraction, X 1 (from 0 to 1), is shown in Fig. 1 . In this plot of dielectric loss (3 00 ) vs. frequency, the position of the peak observed shis towards a lower frequency with an increase in the 1-pentanol mole fraction. The values of the dielectric parameters, namely the static dielectric constant (3 S ), high frequency dielectric constant (3 a ) and relaxation time (s), were obtained from tting the dielectric spectra at room temperature for all pure solvents and mixtures and are reported in ESI Tables S1 and S2 † and the corresponding gures are shown in Fig. 2-4 . These values of 3 S , 3 a and s for pure 1-pentanol and alkylbenzoates are close to the values reported by Navarro et al. using the same experimental procedure. 9 The static dielectric constant value for pure 2-pentanol and pure 3-pentanol is found to be in good agreement with the values evaluated by D'Aprano et al. using a bridge method.
24 From ESI Table S2 † and Fig. 2 , it is clear that the static dielectric constant increases for all binary mixtures of alkylbenzoate and pentanol with an increase in 1-pentanol (1P), 2-pentanol (2P) and 3-pentanol (3P) concentration. A similar increase in the static dielectric constant value of the mixture of 1P, 2P and 3P with water was also observed where all three isomers gave a different static dielectric constant value with the same concentration. It is also observed that a change in the static dielectric constant of the mixture is non-linear with the mole-fraction X 1 of 1-pentanol, 2-pentanol and 3-pentanol when mixed with methylbenzoate (MB), ethylbenzoate (EB), propylbenzoate (PB) and butylbenzoate (BB). The increase in the static dielectric constant with increasing solvent in a binary solvent mixture signies that spherical molecular aggregates transform to more correlated elongated aggregates resulting in a parallel orientation of the dipoles.
5 Though small, there is a difference in the static dielectric constant value for the three pentanol isomers when mixed with each alkylbenzoate for the same pentanol concentration and this difference is insigni-cant for the lower pentanol content. The static dielectric constant value for 2-pentanol and 3-pentanol is smaller when compared to that for 1-pentanol. This may be due to a decrease in the number of dipoles of the complex formed in the solution and thus, there is a decrease in the molar volume of the rotating entity. Up to X 1 ¼ 0.5, BB shows a similar static dielectric constant value with 1P, 2P and 3P whereas it is X 1 ¼ 0.3 for PB and EB. Aer this point, the curve rises towards a higher 3 S value with increasing alcohol concentration which is more pronounced in 1-pentanol when compared to 2-pentanol and 3-pentanol. The plot of the 3-pentanol/alkylbenzoate binary mixture is shown in Fig. 2e . Like the mixture of 1-pentanol/ alkylbenzoate, a similar trend is observed. From Fig. 2e for the mixture of 3-pentanol/alkylbenzoate, it is noticed that the difference in the 3 S value among the alkylbenzoates is smaller for the same pentanol concentration than that observed with methanol 9 and it is lower for alkylbenzoates with a larger alkyl chain length. Aer X 1 ¼ 0.6, all alkylbenzoates show a similar 3 S value and up to X 1 ¼ 0.6, the 3 S values follow the order MB > EB > PB > BB. This reects that with the alkylbenzoate having a longer alkyl group, the number of complex dipoles decreases, thus decreasing the molar volume of the rotating group. For the plot of 3 a vs. X 1 (see Fig. 3 ), non-linearity is observed and this indicates interaction between pentanol and alkylbenzoate. A non-linear result of a static and high frequency dielectric constant with increasing alcohol concentration for the heteroassociation of an alcohol with other polar solvents is reported in the literature. 3, 5 In a dielectric spectroscopy study of the mixture of alkan-1-ol/alkylbenzoate, it is established that the effect of the alcohol concentration on the 3 a value is smaller in the case of longer chain alcohols. 9 Since the present work deals with long-chained alcohols, namely isomeric pentanols, the same conclusion can be drawn. It is observed that the change in the 3 a value (see Fig. 3e ) is small in the case of the 3-pentanol/ alkylbenzoate mixture like for the 1-pentanol/alkylbenzoate mixture. Fig. 3a-d indicate that the alkylbenzoates behave differently with the three pentanol isomers 1P, 2P and 3P resulting in different 3 a values for the same pentanol concentration. This change in 3 a is smaller when compared to the mixture of lower alcohols with alkylbenzoates. In Fig. 4 , the dielectric relaxation time (s) of the mixture of MB, EB, PB and BB with 1-pentanol, 2-pentanol and 3-pentanol is seen to increase with the increasing pentanol concentration which is due to the hindrance of the rotation of the molecule. The relaxation time of the 1-pentanol/alkylbenzoate mixture is found to be more than for the 2-pentanol/alkylbenzoate and 3-pentanol/alkylbenzoate mixture and this difference increases with increasing pentanol concentration. This indicates that the reorientation of the -OH group of pentanol depends to some extent on the position of the -OH group in the pentanol backbone. The reorientation of molecules in the mixture is more for the primary alcohol 1-pentanol than in the secondary alcohols 2-pentanol and 3-pentanol when mixed with alkylbenzoates of different alkyl chain length. The difference in the relaxation time for mixtures with 2-pentanol and 3-pentanol is small. Fig. 4e shows the effect of 3-pentanol concentration on the relaxation time of the 3-pentanol/alkylbenzoate mixture. In this gure it is observed that the relaxation time s follows the order of BB > PB > EB > MB i.e. molecular rotation is hindered with the increasing alkyl chain length of the alkylbenzoates. This observation concurs with the previous study of an alkan-1-ol/ alkylbenzoate mixture.
The estimated values of the Bruggeman factor f B for all the binary mixtures of polar solvents alkylbenzoates and pentanols are listed in ESI Table S3 † and the plot of f B vs. the volume fraction 4 2 of alkylbenzoates is shown in Fig. 5 . These plots are useful in evaluating information on the interaction between the pentanol and alkylbenzoate molecules in the mixture. All the plots of f B reect the deviation from the linear relationship with 4 2 which is the result of the hydrogen bonding interaction of the -OH group of 1P, 2P and 3P with the -CO group of BB, PB, EB and MB. Similar nonlinear behavior was also observed for the alcohol when mixed with alkybenzoates. 9 The value of the parameter a is shown in ESI Table S4 . † For Bruggeman ideal mixtures, the parameter a equals unity. ESI Table S4 † shows that a deviates from unity. The value of a is greater than 1 and this indicates the presence of signicant hetero-association of the constituent solvent molecules in all mixtures. It also signies an increase in effective solvent volume.
The calculated Kirkwood correlation parameter g i for pure solvents and g eff for the binary mixtures for all mole fractions of pentanol are included in ESI Tables S5 and S6 †, respectively. The g i parameter for the pure solvents is in good agreement with the literature values. 9 This parameter is important for the information of dipole orientation and the structure of the hetero-association. ESI Table S5 † shows that the Kirkwood correlation parameter is less than unity for all pure alkylbenzoates (MB, EB, PB and BB) which indicates the anti-parallel orientation of the electric dipoles in the alkylbenzoates. Pure solvents 1-pentanol, 2-pentanol and 3-pentanol have a g i value greater than unity and thus the molecular dipoles have a parallel orientation. In Fig. 6 , it is observed that g eff for the binary mixture is concentration dependent and it increases with the addition of 1-pentanol, 2-pentanol and 3-pentanol. The present work indicates that g eff increases with isomeric pentanol concentration and it has been postulated in a similar system 24 that the increase shows the presence of an anti-parallel conguration of the dipoles. This increase in g eff with pentanol content suggests the reorientation of neighboring polar molecules in a mixture with the parallel alignment of the electric dipoles. In a mixture the -OH group of pentanol acts as a proton donor and participates in hydrogen bonding with the polar -CO group of alkylbenzoates. The hetero-associative interaction is possibly due to the hydrogen bonding between the -OH group of pentanol and -CO group of alkylbenzoates to form multimers, which occurs in such a way as to increase the effective dipole moment in the mixture. 25 The g eff value is higher for PB and BB when mixed with 1-pentanol than with 2-pentanol and 3-pentanol. But with the decrease in alkyl chain length for MB and EB there is less difference in the g eff value in the binary mixture with all three pentanols. The binary mixture of PB and BB with 2-pentanol or 3-pentanol shows less difference in the g eff value.
The Kirkwood corrective correlation factor g f values, which deviate from unity for all the binary mixtures of the polar solvents, are reported in ESI Table S6 † and the corresponding plots are shown in Fig. 7 . The deviation from unity is the result of the interaction of the constituent solvent molecules in the mixture. The g f value for pure solvents is unity and it is close to unity for the binary mixtures with a lower concentration of pentanol or alkylbenzoate, which is an indication of the absence of or weak heteromolecular interaction respectively. 3 All pentanol/alkylbenzoates show a g f value that deviates from unity for the whole composition range and the presence of the re-alignment of dipoles of neighboring polar molecules. The g f value of MB is close to unity in the case of 2-pentanol and 3-pentanol. This deviation is also less for EB with 2-pentanol and 3-pentanol. The apparent activation energy values of the experimentally determined DF exp and theoretically calculated DF theo are recorded in ESI Table S6 . † From this table, it is observed that the observed free energy deviates from the theoretically calculated free energy of an ideal solution. This is reected by the difference DF diff ¼ DF theo À DF exp for all binary mixtures in the entire composition range. This deviation from ideal behaviour can be interpreted as the co-operativity of pentanol and alkylbenzoate molecules through hydrogen bonding. The difference value DF diff exhibits a parabolic nature with the increasing mole fraction of pentanol. The maximum region is the co-operativity region between pentanol and alkylbenzoate molecules and is in the composition range of X 1 ¼ 0.4 to 0.6. Indeed, the maximum co-operativity region implies hydrogen bonding. This is further supported by the non-linear dependency of the relaxation time of the mixture with pentanol composition. In this region the concentration of the cooperative domain of the pentanol-alkylbenzoate complex is at a maximum. The variation of the excess dielectric parameters, namely the excess static permittivity 3 E and excess inverse relaxation time (1/s) E , with pentanol mole fraction X 1 at room temperature for all binary mixtures is shown in Fig. 8 and 9 respectively. These two parameters are important which may be evident for the formation of multimers due to polar-polar intermolecular interaction in the mixture. These excess parameters are relative to the ideal solution and can be used to interpret the deviation of the binary mixture from ideality. The trend in behaviour for the three parameters is similar to the three pentanols with MB, EB, PB and BB. From Fig. 8 , it is noticed that the value of 3 E is negative for the whole composition range in the case of all pentanol and alkylbenzoate mixtures. This indicates that the alignment of the two dipoles through hydrogen bonding of the -OH group of the pentanol with -CO group of the alkylbenzoate occurs in such a way that the effective dipole of the mixture is decreased. For all binary mixtures, the 3 E value is more negative for 1-pentanol in comparison to 2-pentanol and 3-pentanol. This reects that there is strong intermolecular interaction of the esters with 1-pentanol when compared to the other two pentanol isomers. This indicates that primary alcohols have a greater ability to break the alkylbenzoate structure in comparison to secondary alcohols. The minima for the mixture of the three isomeric pentanols with alkylbenzoate have been found in the range of X 1 ¼ 0.6-0.7. There is no order found in the negative value of 3 E for the 3-pentanol/alkylbenzoate mixture as shown for methanol/alkylbenzoates. 9 The difference within the alkylbenzoates is small.
The variation of (1/s) E with the increasing mole fraction of pentanol, X 1 , is shown in Fig. 9 . From this graph, it is clear that in the ester rich region, the values of (1/s) E are positive and in the pentanol rich region the values become negative. The positive (1/s) E value was also noted for the alkan-1-ol/ alkylbenzoate mixture in the alkylbenzoate rich region and became negative in the alcohol rich region. 9 In the ester rich region, where the pentanol content is low the effective dipole rotates faster in the eld created as a result of the intermolecular interaction. With increasing pentanol content, the binary mixtures of pentanol and alkylbenzoates start showing negative values of (1/s) E and this indicates a slower rotation of the effective dipole in the eld created as a result of heteromolecular interaction through hydrogen bonding of the -OH group of pentanol with the -CO of alkylbenzoate. The zerocrossing position of (1/s) E occurs at different mole fractions for the three pentanol isomers in all binary mixtures. For this position, there is a consistent increase in mole fraction as one traverses from 1-pentanol to 3-pentanol in all binary mixtures. In the case of 3-pentanol with BB, PB, EB and MB binary mixtures, it displays a large positive (1/s) E value when compared to 1-pentanol and 2-pentanol. From Fig. 9e , it is observed that the order of positive (1/s) E values is MB > EB > PB > BB with 3-pentanol. In this study, the zero-crossing position of (1/s) E for the 1-pentanol/MB mixture is found to be different from Navarro et al. 
Conclusion
The structural behaviour of binary mixtures of 1-pentanol/ alkylbenzoate, 2-pentanol/alkylbenzoate and 3-pentanol/ alkylbenzoate has been studied using dielectric relaxation spectroscopy. The dielectric parameters of the static dielectric constant, dielectric constant at high frequency limit, relaxation time, Bruggeman factor, Kirkwood correlation factor and the excess permittivity parameters of excess static permittivity, excess inverse relaxation time have been evaluated at room temperature for the binary mixed solvents at various mole fractions. The formation and strength of the complexes formed in the mixture due to heteromolecular polar-polar interaction through hydrogen bonding has been described through changes in the parameters with the concentration of the constituent solvents. The non-linear behaviour of the static dielectric constant, high frequency dielectric constant and relaxation time with the pentanol mole fraction for all the studied binary mixtures signies the presence of intermolecular interaction. In the pentanol rich region the effective dipole of the binary mixtures rotates slowly and in the ester rich region this rotation is faster. The number of dipoles of the complex of secondary alcohols/alkylbenzoates formed in the solution is smaller than for primary alcohols and thus, there is a decrease in the molar volume of the rotating entity. 1-Pentanol is found to have a greater ability to interrupt the formation of alkylbenzoate aggregates in comparison to its isomeric counterparts. 
